Heat flow management at the nanoscale is of great importance for emergent quantum technologies. For instance, a thermal sink that can be activated on-demand is a highly desirable tool that may accommodate the need to evacuate excess heat at chosen times, e.g. to maintain cryogenic temperatures or reset a quantum system to ground, and the possibility of controlled unitary evolution otherwise. Here we propose a design of such heat switch based on a single coherently driven qubit. We show that the heat flow provided by a hot source to the qubit can be switched on and off by varying external parameters, the frequency and the intensity of the driving. The complete suppression of the heat flow is a quantum effect occurring for specific driving parameters that we express and we analyze the role of the coherences in the free qubit energy eigenbasis. We finally study the feasibility of this quantum heat switch in a circuit QED setup involving a charge qubit coupled to thermal resistances. We demonstrate robustness to experimental imperfections such as additional decoherence, paving the road towards experimental verification of this effect.
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Much effort was devoted recently to the development of heatronics, i.e the control of heat flows at the nanoscale, a challenge promising a remarkable range of applications. Last progress includes the design and experimental realization of nanoscale thermal rectifiers [1] [2] [3] [4] [5] [6] , thermal transistors [7] [8] [9] [10] [11] [12] [13] and nanoelectronic heat engines [14] [15] [16] [17] [18] [19] [20] . Recently, quantum heat switches based on superconducting circuits were introduced [21, 22] . In these devices, changing a parameter (namely a magnetic flux applied to transmon qubits) allows one to dramatically change the value of the heat transfer that flows through the qubits when they are coupled to heat baths (resistors). Such setups appear as extremely useful for many emergent quantum technologies, in particular for quantum computing, where thermal sinks are needed to preserve cryogenic temperatures and reset quantum systems to ground, but always-on relaxation is undesirable as it is a source of decoherence.
In this letter, we show that a single coherently-driven charge qubit, can play the role of a heat switch, controlled by the parameters of the driving. When the qubit is connected to a hot and cold thermal reservoirs, the heat current from the hot reservoir is completely suppressed for a specific choice of driving parameters. Tuning either the intensity of the drive or its frequency around this working point allows to easily switch on or off this heat current. We show that the suppression of the heat flow is a quantum effect, occurring when the non-equilibrium steady-state reached by the qubit only differs from the thermal equilibrium state with the hot bath by special types of coherences that are out-of-phase with the driving field, and therefore store no energy. We first describe the setup under study, the associated dynamics and the expression for the heat flows. We then present the quantum switch effect and analyze the role of the coherences in the free qubit energy eigenbasis.
Setup.-We consider a two-level quantum system (hereafter called qubit) of frequency ω 0 weakly coupled to two thermal baths R h and R c of temperatures T h > T c . The dynamics of the qubit is governed by the Lindblad master equationρ
where H 0 = ω 0 σ z /2 is the Hamiltonian of the qubit and 
which is positive (i.e. flowing from the hot bath to the cold bath) as expected and non-zero as long as T h > T c such thatn h >n c . We now suppose that the qubit is quasi-resonantly driven by a monochromatic field of frequency ω d , which can be modelled by adding a term H d (t) = g 2 e iω d t σ − + e −iω d t σ + in its Hamiltonian, now timedependent. We have denoted g the field-matter coupling strength. This term induces a rotation of the state of the qubit in the Bloch sphere along the rotating unit vector u(t) = (cos(ω d t), sin(ω d t), 0). In the limit where g, |δ| ω 0 , ω d , with δ = ω 0 − ω d the detuning, and provided the spectral densities of the reservoirs are flat around the frequency ω 0 , the dissipation induced by the bath is unchanged by the presence of the drive (see [24, 25] ). Therefore, the evolution of the density operator of the qubit is ruled by the same master equation Principle of the switch. The qubit is driven coherently quasi-resonantly at frequency ω d = ω0 − δ, the drivingqubit coupling strength being denoted g, and coupled to two thermal reservoirs at temperatures T h > Tc. When choosing setting the driving to fulfill g = g * (0) (see text) and δ = 0, the heat flow J h provided by the hot reservoir is completely suppressed despite the qubit is not in thermal equilibrium with the hot bath.
as before (see Eq. (1)) except that the Hamiltonian part of the dynamics is generated by H 0 + H d (t) instead of H 0 . The competition between the driving and the dissipation results in a stationary orbit of the qubit's state of the form π(t) = U † rotπ U rot , where U rot = e itω d σz/2 is the unitary transformation to the frame rotating at the driving frequency andπ = (I + r ∞ · σ)/2 is the steady state reached by the qubit in such rotating frame. We have denoted r ∞ = (x ∞ ,ỹ ∞ ,z ∞ ) the steady-state Bloch vector in the rotating frame and σ = (σ x , σ y , σ z ) the vector of Pauli matrices. The exact expression of the steady state can be found analytically, yielding:
with γ tot = γ h (2n h + 1) + γ c (2n c + 1). Note that in contrast with π 0 , the stationary orbit state carries non-zero average value of the coherences of constant modulus | e|π(t)|g | = x 2 ∞ +ỹ 2 ∞ in the freequbit energy eigenbasis {|e , |g }, where σ z = |e e| − |g g|. These coherences are characterized by a contribution in phase with the drivingx ∞ = Tr{( u(t). σ)π(t)} and out of phaseỹ
Stationary heat flow.-In presence of the quasi-resonant drive, the heat flow, defined as the energy provided by the hot reservoir to the qubit, takes the value [25] 
with P e (t) = e|ρ(t)|e can be interpreted as the heat flow in the case of a classical two-level system, unable to carry coherences in the {|e , |g } basis. The contribution J q (t) = −γ h (2n h + 1) gx(t)/4, withx(t) = Tr{( u(t) · σ)ρ(t)}, involves only the coherences in the {|e , |g } basis and is therefore a genuinely quantum contribution. It encompasses the price for the reservoir to erase the coherences in phase with the driving, which contribute to the energy stored in the qubit's state via the term E q (t) = Tr{H d (t)ρ(t)} = gx(t)/2. Conversely, the coherences out of phaseỹ(t) = Tr{( v(t) · σ)ρ(t)} do not contribute to the qubit's energy and do not play any role in the heat flow. A more detailed analysis of this contribution and the thermodynamics of the driven qubit can be found in Ref. [25] .
Quantum heat switch.-The stationary value of the heat flow can be controlled by engineering the steadystate of the qubit, which in turn can be adjusted by tuning the driving parameters, namely the coupling strength g (determined by the driving intensity) and the detuning δ. We first show that the classical part of the heat flow can be completely switched off. The key idea is that this contribution is zero if the population of the qubit in the {|e , |g } basis matches the thermal equilibrium with the hot reservoir, i.e. P h e =n h /(2n h + 1). For each fixed value of the detuning δ, this can be realized for a particular value of the driven intensity g * (δ) found by solving the equation (z ∞ + 1)/2 = P h e , yielding:
From the proportionality to the square root of the thermal occupation differencen h −n c , it is clear that the classical part of the heat current can be suppressed solely in the presence of a colder bath at temperature T c < T h . Even when the population of the qubit matches its value at thermal equilibrium with the hot bath, the stationary state still differs from the thermal equilibrium state ρ h = e −H0/kT h /T r{e −H0/kT h } because of coherences in the {|e , |g } basis. This results in a non-zero value of the stationary quantum contribution J ∞ q of the heat current. It is remarkable that the present setup allows to separate the classical and quantum contribution by canceling J ∞ cl . Setting g = g * (δ) and measuring the slight temperature variations of the hot reservoir provides a method to measure the quantum contribution to the heat flow (see also experimental proposal below). The steady state quantum heat flow takes the value:
This contribution to the heat flow can therefore be switched off by simply driving the qubit at resonance, i.e. for δ = 0. The total heat flow from the hot reservoir J ∞ h = J ∞ cl + J ∞ q can therefore be controlled externally by tuning the parameters of the drive. Surprisingly, when setting the drive parameters to (g, δ) = (g * (0), 0), the heat flow provided by the hot reservoir is zero even though the qubit state differs from the thermal equilibrium state at temperature T h , because of the non-zero value of the out-of-phase coherences equal for these parameters toỹ ∞ = ((n h −n c )γ c /γ tot ) 1/2 /(2n h + 1). For this special value of the parameters, the power provided by the driving P ∞ = Tr{Ḣ d (t)π(t)} takes the value ω 0 γ c (n h −n c )/(2n h +1). This value is positive, meaning that the switch must be sustained by a constant amount of power, which is eventually dissipated in the cold bath.
As an illustration of the quantum heat switch effect, we plot in Fig. 2 the value of J ∞ h for g = g * (0) when sweeping the detuning across resonance. The heat flow goes from 0 to the value J det h = ω 0 (n h −n c )γ h γ c /γ tot when changing the detuning from δ = 0 to δ 10γ. More precisely, in the low temperature limitn c ,n h 1, the full width at half-maximum of the dip is approximately 2γ. Alternatively, the switch can be activated by fixing δ = 0 and changing the drive intensity in the vicinity of g * (0). The power provided by the drive is also plotted in Fig. 2 , taking non-zero values when the switch is activated (heat current blocked) and vanishes when the transmission of heat is open.
Implementation in a superconducting circuit: We now analyze the feasibility of the scheme in a typical superconducting quantum circuit setup. Superconducting qubits are versatile candidates to perform different quantum thermodynamic experiments as they can be controlled externally and measured with high precision [26] [27] [28] . The superconducting qubit (two-level system) can be a transmon [26] , a flux qubit [29] or a charge qubit [30] . In this letter, we discuss the implementation of the heat switch using a charge qubit, which is based on a superconducting island with very small capacitance. This island is capacitively coupled to the baths and driving electrode, and terminated by a superconducting loop made of two small Josephson junctions, as shown in Fig. 3 . Once quantized, the circuit behaves as an anharmonic oscillator such that the two lower levels can be addressed independently from other levels and treated as a qubit. Hamiltonian of the qubit in the charge basis is given as
where the charging energy E C = e 2 /2C Σ , the total capacitance of the island C Σ = C c + C h + C g + C J , and E J = E J (Φ) is the Josephson energy that can be tuned with an external flux Φ. Note that with respect to the general analysis above, the free qubit quantization axis and the driving axis have been swapped to match usual conventions in the field. Here δn g (t) = C g V g /(2e) is driven near the avoided level crossing δn g = 0, with a voltage V g cos (ω L t) and gate capacitance is C g . At δn g = 0, the energy gap is E J . Further, two normalmetal resistors acts as the heat baths whose temperatures can be controlled and measured. The qubit is capacitively coupled to the heat baths in order to achieve a weak coupling of the qubit with the environment. The transition rates are given by γ h,c ≈ C 2 h,c E J R h,c /(2hC 2 Σ R Q ), where R Q = h/4e 2 is the superconducting resistance quantum [31, 32] . The temperatures of the baths can be taken in the range of 30 mK to 200 mK such that the populations in the higher excited states of the qubit can be ignored. For realistic parameters (see Supplement), the driving amplitude g can be of the order of 10 MHz. In this model, there is a background heat flow from the hot bath to the cold bath through the capacitors and phonons which is ignored in this context. Discussion and conclusion: The scheme presented is still valid in presence of pure dephasing at rate γ φ . In this case, the value of the driving strength g allowing to suppress the classical heat flow has an expression similar to Eq. (5), except replacing γ tot with γ tot + 2γ φ (see Supplement). The quantum heat flow is still canceled at resonance. In fact, the charge qubit setup may allow a good test of this property, since detuning the qubit away from the avoided level crossing makes the qubit much more sensitive to charge noise and therefore increases the dephasing rate [33] .
In this letter, we have demonstrated that a driven quantum two-level system can be operated as a quantum heat switch: in this active device, tuning the external parameters of the drive activates or suppresses the heat current provided by a thermal reservoir. We have proposed an implementation of the scheme in a circuit QED setup and analyzed its feasibility in state-of-the-art setups.
A QUANTUM HEAT SWITCH BASED ON A QUBIT: SUPPLEMENTAL INFORMATION

Steady state of the qubit evolution
The master equation for the atom Eq. (3) of main text, when written in the rotating frame, can be expressed in terms of the vector Y (t) = (P e (t),x(t),ỹ(t), P g (t)) , with P e (t) = (z(t) + 1)/2 and P g (t) = 1 − P e (t), leading to:
where
Solving Eq. (8) for its stationary state allows to derive Eqs. (4a)-(4c). 
Effect of additional decoherence channel
The new steady state of the qubit (in the rotating frame) is then:
As before, we solve (z ∞ + 1)/2 = P h e to find the value of g canceling the classical heat flow from the hot bath. We obtain:
The heat flow from the hot bath J ∞ h = Tr{HL h [ρ]} then reads for g = g * (δ):
such that as for γ φ = 0, the choice δ = 0 allows to completely stop the heat current from the hot bath.
